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Mathematical modeling of anatomically-constrained neural networks has provided
significant insights regarding the response of networks to neurological disorders or
injury. A logical extension of these models is to incorporate treatment regimens to
investigate network responses to intervention. The addition of nascent neurons from
stem cell precursors into damaged or diseased tissue has been used as a successful
therapeutic tool in recent decades. Interestingly, models have been developed to
examine the incorporation of new neurons into intact adult structures, particularly the
dentate granule neurons of the hippocampus. These studies suggest that the unique
properties of maturing neurons, can impact circuit behavior in unanticipated ways. In
this perspective, we review the current status of models used to examine damaged
CNS structures with particular focus on cortical damage due to stroke. Secondly,
we suggest that computational modeling of cell replacement therapies can be made
feasible by implementing approaches taken by current models of adult neurogenesis. The
development of these models is critical for generating hypotheses regarding transplant
therapies and improving outcomes by tailoring transplants to desired effects.
Keywords: neurogenesis, functional integration, stroke, embryonic stem cells, induced pluripotent stem cells,
dentate gyrus, cerebral cortex
INTRODUCTION
In addition to describing normal neural function, new compu-
tational modeling paradigms have successfully recapitulated vari-
ous aspects of neurodegeneration and injury. For instance, mod-
els of Parkinson’s Disease (PD) have demonstrated overt motor
deficits as well as subtle cognitive symptoms due to loss of striatal
dopamine and suggested new hypotheses regarding PD as a disor-
der of altered synaptic plasticity and not simply of motor function
(Wiecki and Frank, 2010).Models of ischemic stroke have success-
fully recapitulated the reorganization of cortical receptive fields
(RFs) after lesion, lending credence to a number of hypothesized
mechanisms underlying cortical network dynamics (Duch, 2007).
In addition, stroke models employing behavioral metrics have
also simulated use-dependent recovery ofmovement strength that
closely mimic clinical observations in stroke patients (Reinkens-
meyer et al., 2012).
While a major goal of computational neuroscience is to
improve therapeutics for neurological disorders, an as-yet over-
looked avenue for treatment modeling has been the incorporation
of new cells into an impaired network. Cell replacement therapies
have shown significant promise in pre-clinical and clinical trials
(Lindvall et al., 2012), where multiple sources of stem cell-derived
neurons are effective at ameliorating behavioral deficits of disease
models including PD, Huntington’s disease, age-related demen-
tia and stroke (Bjorklund and Lindvall, 2000; Koch et al., 2009).
Interestingly, while many mechanisms may cooperate to produce
transplant-mediated recovery, evidence suggests that functional
integration of transplanted cells with existing circuitries is critical
for the long-term benefits of cell replacement.
Notably, modeling therapeutics presents an additional chal-
lenge beyond simply reversing the effects of the neurological
perturbation. Impaired neural circuits are often moving targets,
changing themselves continuously in response to their altered
state. Likewise, the effects of proposed therapies have their own
temporal and spatial dynamics (Figures 2C, D) . This perspective
will focus on the current status of cell replacement for neurolog-
ical disorders, and will utilize the framework from the adult neu-
rogenesis field to provide a template for understanding how the
addition of neurons to adult networks can affect overall network
function.
We have developed a set of criteria that we believe will be
required for an accurate predictive modeling resource (Table 1).
We advocate the use of anatomically accurate models of a neu-
ral system (I); while such models are considerably more chal-
lenging, the value of an abstract model to examine therapies is
likely limited. Related, the model should have the capacity to
respond to simulated injury or disease in a biologically realistic
way, and should be capable of exhibiting response/recovery pro-
cesses observed in vivo (II). Next, the model should provide a
readout that maps to a behavioral metric to examine clinical effi-
cacy of a treatment regimen (III). As for the therapy, it is essential
that a mechanistic representation of the therapy itself be incorpo-
rated (IV), including temporal and spatial dynamics to the extent
possible (V). To illustrate how this approach will apply to an exist-
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Table 1 | Criteria for computational models of cell replacement.
I. Accurate anatomical and circuit-level representations
II. Response to injury in an experimentally-validated manner
III. Incorporation of behavioral metric(s) that can be measured clinically
in patients
IV. Transplants should include all relevant physiological and anatomical
features.
V. Transplants should include temporal dynamics of synaptic connec-
tivity and functional maturation.
ing paradigm we will discuss the computational modeling impli-
cations of using cells derived from human pluripotent stem cells
(hPSCs) in the context of stroke, as this area has proven a signifi-
cant target for both modeling and cell replacement.
COMPUTATIONAL MODELING OF CORTICAL
REORGANIZATION AND STROKE
Stroke lesions in humans typically result from damage to, or
occlusion of the middle cerebral artery (MCA), which supplies
blood flow to the basal ganglia and nearly the entire dorsolateral
surface of the temporal and parietal cortices (Mohr et al., 1998;
Ng, 2007). Followingmild ischemic injury the brain demonstrates
a remarkable ability to compensate for lost or damaged tissue by
reorganizing peri-lesional regions of cortex (Nudo, 1997). Recov-
ery is correlated with increases in axonal and dendritic sprouting
in peri-infarct regions as well as alterations in synaptic strengths
between surviving thalamic and cortical neurons (Stroemer et al.,
1995; Brown and Murphy, 2008). Recent in vivo imaging stud-
ies in mice have revealed that peri-infarct sensory regions can
“remap” their RFs after stroke, responding to peripheral stimu-
lations that were previously restricted to now-damaged cortices
(Brown et al., 2009; Sigler et al., 2009).
Due to the hierarchical nature of the cerebral cortex, its devel-
opment and reorganization following injury have been signifi-
cant targets for modeling studies (Willshaw and von der Mals-
burg, 1976; Armentrout et al., 1994; Reggia et al., 1996). Many
early models focused on the formation of topographic maps of
sensory cortex through experience-dependent remodeling. Mod-
els that incorporated Hebbian learning paradigms could account
for the experimental observations of the “inverse magnification”
rule, where small areas of peripheral sensory organs had large
cortical representations due to innervation density. Interestingly,
even these early abstract models based on self-organizing maps
(SOMs) successfully predicted the remapping of somatosensory
or visual cortices following lesions (Reggia et al., 1996), as well as
changes to RFs based on stimulation and deafferentation (Pear-
son et al., 1987). However, while SOM models can demonstrate
comparable recovery, they are likely too abstract to represent sub-
tle aspects of diseases and therapies such as connectivity dynamics
following lesion (Butz et al., 2009).
More anatomically-relevant models have developed hypothe-
ses as to the mechanisms underlying alterations in RFs. For
instance, models of sensory cortex that incorporate laterally pro-
jecting excitatory and inhibitory units demonstrate immediate
expansion of RFs near to the lesion site due to disinhibition; units
near the lesion site no longer receive lateral inhibitory connec-
tions from ablated cells, unmasking weaker afferent synaptic con-
nections (Sober et al., 1997). Increasingly complex models have
incorporated neural spiking dynamics, thalamic relay neurons
and neurotransmitter receptors to uncover more subtle changes.
A report using this model demonstrated two temporal phases dur-
ing RF reorganization due to peripheral amputation: a fast (mil-
lisecond) phase of “dynamic plasticity” based on simple electrical
properties after loss of input, and a slower (hours to days) phase in
which NMDA receptor-dependent synaptic plasticity allowed for
the reorganization of network dynamics to incorporate surviving
cortical cells into remaining circuits (Mazza et al., 2004).
One of the key aspects for modeling stroke recovery in vivo
and in silico is an effective measure of behavioral output (Lyt-
ton et al., 1999; Rohrer et al., 2002). Using a simple virtual arm
simulation with three pairs of abductors and adductors, Goodall
and colleagues successfully demonstrated muscle “weakness” in
response to acute lesions of somatosensory cortex (Goodall et al.,
1997). Similar models have been used to examine the observa-
tion of decreased “smoothness” of movement in stroke patients
(Rohrer et al., 2002). A recent report incorporated a measure of
wrist flexion force as a function of firing rates of efferent motor
neurons along with a stochastic local search algorithm to feed-
back to the circuit after cortical lesion. In this way the authors
successfully modeled motor recovery (increased flexion force) as
a function of plasticity within residual, fixed pathways, without
alterations in structural dynamics (Reinkensmeyer et al., 2012).
Thus, existing models that incorporate multi-layered input and
output pathways with lateral connectivity, spiking behavior, and
behavioral metrics satisfy our first three criteria for assessing cell-
replacement interventions (Table 1) and can likely be extended to
examine cell replacement relatively quickly.
FUNCTIONAL INTEGRATION OF STEM CELL-DERIVED
NEURONS AFTER TRANSPLANTATION
While physical rehabilitation can assist stroke patients with
regaining motor function, neither spontaneous recovery nor
current intervention strategies provide complete symptom
amelioration (Kalra, 2010), and no therapies exist to recover lost
tissue following ischemic insult. In recent years, cell replacement
therapies have become an attractive option in pre-clinical studies
of ischemic injury, demonstrating transplant-mediated behav-
ioral recovery using multiple cell types and animal models (Bliss
et al., 2007). hPSC-derived neurons (hPSNs) can ameliorate limb
asymmetries and amphetamine-induced rotational behavior in
animals with unilateral MCA lesions, the effects of which can
be maintained for months after transplantation. Successful pre-
clinical studies have prompted a number of phase I clinical studies
which verified safety and feasibility for such therapies in stroke
patients (Kondziolka et al., 2000, 2005; Bang et al., 2005). While
these studies were not designed to demonstrate efficacy, notable
improvements were observed in some patients (Bliss et al., 2010).
While multiple mechanisms may underlie transplant-
mediated recovery (Lee et al., 2008; Ohtaki et al., 2008; Horie
et al., 2011; Oki et al., 2012; Polentes et al., 2012) incorporation
of transplanted cells into host circuitry is thought to be critical
for long-term benefits (Bjorklund and Lindvall, 2000; Dunnett
et al., 2001). PSNs display all basic physiological capabilities
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of neurons in vivo, including voltage-gated currents, spiking,
synaptic activity (Muotri et al., 2005; Johnson et al., 2007; Wu
et al., 2007), and integration with existing circuitries. Benninger
et al. (2003) showed that stimulation of intact perforant path
fibers could elicit post-synaptic responses in PSC-derived neu-
rons grown on rat dentate gyrus (DG) within hippocampal slice
cultures. Furthermore, optical stimulation of hPSNs expressing
Channelrhodopsin-2 (Boyden et al., 2005; Weick et al., 2010)
caused rapid alterations in whole network activity of established
mouse networks both in vitro and in vivo (Weick et al., 2011;
Pina-Crespo et al., 2012), confirming a reciprocal interaction
between graft and host.
With respect to stroke, transplanted cells improve behavioral
outcomes, extend processes into brain parenchyma, and express
synaptic proteins (Ishibashi et al., 2004; Daadi et al., 2008; Dihne
et al., 2011). Importantly, a temporal correlation exists between
the maturation of hPSNs and the recovery of lost contralesional
motor function (Gomi et al., 2012; Polentes et al., 2012). Lastly,
electrical stimulation of endogenous cortical neurons in peri-
lesional regions was shown to trigger immediate post-synaptic
responses in transplanted neurons in animals with MCA lesions
(Oki et al., 2012). Thus, stem cell-derived neurons are capable of
reciprocally integrating with host brain tissue either in normal or
diseased animals, and are capable of altering network function via
synaptic activity.
CELL TYPE AND NETWORK FUNCTION OF CORTICAL-LIKE
STEM CELL-DERIVED NEURONS
As mentioned, a major consideration for modeling therapeutics is
the incorporation of an accurate mechanistic and temporal repre-
sentation of the therapy itself (Table 1; criteria IV and V). Critical
features include the proportion and connectivity of neurons with
various spiking phenotypes, as well as the temporal maturation of
developing neurons. In the case of stroke this means recapitulat-
ing spiking phenotypes of afferent sensory, excitatory projection,
and inhibitory interneurons (Xing and Gerstein, 1996; Mazza
et al., 2004). At least four major classes of neurons exist according
to intrinsic spiking patterns in the cerebral cortex (Gupta et al.,
2000; Contreras, 2004) including Regularly spiking (RS), Irreg-
ularly spiking (IS), Fast spiking (FS), intrinsically bursting (IB),
but also include multiple subcategories such as adapting, non-
adapting, delayed, accelerating and stuttering (Ascoli et al., 2008).
While most cortical excitatory projection neurons are RS neurons,
inhibitory interneurons and excitatory neurons of various sub-
cortical nuclei display a range of spiking phenotypes (Llinas and
Jahnsen, 1982), which can have significant consequences to infor-
mation processing capabilities (Jahnsen and Llinas, 1984; Koch
and Segev, 2000; Pissadaki et al., 2010).
Unfortunately, most publications measuring functional prop-
erties of hPSNs demonstrate report only RS phenotypes (Wernig
et al., 2004; Johnson et al., 2007; Wu et al., 2007). In our hands,
hPSNs derived from the WA09 (H9) cell line display primarily RS
neurons with a frequency range of 10 to 36 Hz (Figure 1A). In
approximately 10% of cells however, we observed delayed spik-
ing phenotype (Figure 1B), while an even smaller minority dis-
played IS behavior (Figure 1C), with no evidence of IB neurons.
However, it is likely that that the dearth of variation is partially
due to the immature nature of most hPSNs reported, as many
display relatively depolarized resting membrane potentials (RMP)
and diminishing action potential (AP) amplitude during current
pulses (Johnson et al., 2007).
Interestingly, the development and incorporation of hPSNs
into existing neural networks shares many features of adult neu-
rogenesis. Most importantly is the progressive maturation of
excitable properties including synaptogenesis (Zhao et al., 2006;
Ge et al., 2007), where unitary and network-based synaptic poten-
tials can be observed only after several weeks in the presence of
mature cells (Weick et al., 2011; Pina-Crespo et al., 2012), much
slower than their rodent counterparts (Johnson et al., 2007).
Thus, an additional benefit of computational models may be
to examine the incorporation of cells with primate characteris-
tics into a “rodent” network, which will likely affect pre-clinical
assessments of cell replacement.
FIGURE 1 | Spiking properties of hPSNs. (A–C) Voltage clamp traces of
three different hPSNs during current injection illustrating various spiking
capabilities including RS (A), IS (B), and delayed spiking (C).
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LESSONS FROM ADULT STEM CELLS: NEW NEURON
INCORPORATION IN THE DENTATE GYRUS
In order to illustrate the complexity of incorporating new neu-
rons into existing circuits, it is useful to consider systems in which
there is ongoing integration of new neurons within the normal
brain. Adult neurogenesis in the DG region of the hippocampus
provides just such a system (Zhao et al., 2008), with DG neuroge-
nesis producing new excitatory granule cells throughout life. Nat-
urally occurring adult neurogenesis provides the following sev-
eral important insights into different functional considerations
for induced neurogenesis.
1. The maturation process is non-trivial. New neurons pass
through several distinct functional stages prior to settling into
long-term behaviors (Figure 2A; Aimone et al., 2010). In the
DG, new neurons require approximately 2 weeks to start form-
ing functional connections, at which point they begin to form
afferent and efferent synapses (Zhao et al., 2006). Over the fol-
lowing weeks, young neurons appear to be considerably more
responsive than mature neurons due to their reduced synaptic
inputs and different intrinsic properties. They are also highly
plastic, both in terms of their dendritic inputs (Ge et al., 2007)
and axonal outputs (Gu et al., 2012). From a modeling per-
spective, it does not appear sufficient to simply represent new
neurons as equivalent to existing units. Rather, it will be nec-
essary to understand the temporal dynamics of any cellular
replacement process at a fairly exhaustive level to adequately
capture the functional implications of the treatment (Aimone
et al., 2009; Aimone and Gage, 2011).
2. Maturation affects other neurons in circuit. One computation-
ally intriguing observation regarding adult neurogenesis is the
direct interaction between new neurons and mature neurons
in the network. Electronmicroscopy studies suggest that young
neurons preferentially target existing synapses, both dendritic
and axonal, as a prelude to formation of new synapses (Toni
et al., 2007, 2008). Thus it appears that synapse formation is
not entirely de novo, but at least in some cases involves subvert-
ing existing synaptic machinery. While synaptic competition
presents intriguing computational possibilities for DG neuro-
genesis, namely a mechanism for young neurons to sharpen
tuning curves of mature neurons, this interaction represents a
potential concern with respect to adding neurogenesis to other
regions.
A direct interaction between young and old neurons may
be suitable for the DG; its primary function is thought to be
in facilitating memory encoding, not memory storage. As a
result, sharpening RFs over time could be beneficial (O’Reilly
and McClelland, 1994; Aimone et al., 2011). In contrast, it is
possible that changing otherwise stable RFs in regions involved
in motor control or sensory perception would be disruptive.
One consideration is that neuronal replacement therapies are
generally going to target areas in which neurons have been lost,
suggesting that a number of synapses would have been vacated
(Lehmann et al., 2005; Butz et al., 2008). Together these
possibilities highlight the need to capture the full complexi-
ties of the disease and treatment in a theoretical framework
(Figure 2B).
FUTURE PERSPECTIVES FOR MODELING FUNCTIONAL
TRANSPLANTATION
The above summary highlights two major computational
considerations that must be accounted for when approaching
neuronal replacement therapy. First, new neurons do not mature
in isolation, and the progression from a progenitor state to a
fully functional neuron is complex. While neurogenesis has been
evolutionarily preserved in the DG, networks normally lacking
neurogenesis may be more sensitive to the addition of neurons. It
would not be unreasonable to expect that the addition of neurons
could shift the balance of a network out of normal operating
bounds, causing either seizures or depressed overall activity
(Schneider-Mizell et al., 2010).
Second, the functional displacement of an impairment, either
acute or through degeneration, is not static. Rather, compen-
satory mechanisms are initiated almost immediately. While such
compensation can be clinically beneficial it represents an addi-
tional challenge for cell replacement. In the time that it takes for
a replacement therapy to begin and the neurons to be incorpo-
rated, the network itself will have changed; as a result, “revers-
ing” the effects of disease may no longer be sufficient (Figure 2C).
Rather, we need a theoretical understanding of the post-disease,
steady-state circuit to design an approach to regain a functional
equivalence to the pre-disease state (Figure 2D).
What should a model capable of addressing these issues look
like? Although not used to model stroke, the three-layer GENE-
SIS model used by Mazza et al. (2004) is among the most neu-
robiologically realistic as it uses several thousand conductance-
based, multi-compartment neurons and accurately reorganizes in
response to peripheral lesions. Accordingly, we recommend that
the neurogenesis process be appropriately mapped to the pri-
mary somatosensory cortex, which could follow the model used
in Aimone et al. (2009), whereby the biophysical properties and
connectivity ofmaturing neurons are dynamic over extended time
scales similar to hPSNs. This type of hybrid model would pro-
vide insight into how remapping could be altered by synaptic con-
nections between hPSNs and host neurons at various levels (e.g.,
cortical vs. thalamic relay neurons). Alternatively, motor output
could be monitored by the creation of a hybrid model using
parameters from Reinkensmeyer et al. (2012) and a two-layer
GENESIS model to incorporate new neurons into motor cortex,
which could allow the system to “learn” to use transplanted cells.
While large-scale, biophysically realistic models are currently
time-consuming to construct and computationally expensive
to simulate, we envision that future simulation tools and high
performance computing capabilities will facilitate such mod-
eling endeavors. We hope that our outlined vision for how to
approach these efforts will provide a roadmap for understanding
the computational implications of cell replacement therapy.
The extent to which insights from adult neurogenesis apply to
stem cell therapies remains to be seen, and future models will
have to consider not only the proposed therapy but also the
unique aspects of the brain region affected, its function, and the
disease. Nonetheless, improvedmodeling tools and approaches in
recent years provide computational neuroscience with a unique
opportunity to influence the development of an exciting area of
therapeutic development.
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FIGURE 2 | Incorporation of new neurons into normal or damaged
circuitry. (A) Natural context for DG neurogenesis. The DG has a roughly
feed-forward architecture, allowing a sophisticated maturation process
(different panels). Neurons are born continuously, so there is always a mixed
population of neurons at different developmental stages (faded green). (B)
Therapeutic context for cortical neural replacement. Injured or diseased
region may suffer considerable neuronal loss and initiate restructuring of the
local network. Proper cell replacement therapy, in which the correct types of
new neurons are appropriately positioned in the region, could still suffer from
aberrant maturation if the unique properties of developing neurons cause
affect the functional wiring of the circuit. Ideal maturation would instead
result in not only the proper neuronal layout, but also an appropriate
functional circuit as well. (C) Cartoon illustration of how the dynamics of
neural maturation can complicate a cell replacement therapy. (D) Cartoon
illustration of how compensation makes simple reversal of impairments an
insufficient strategy for returning system to normal function.
ACKNOWLEDGMENTS
James B. Aimone is supported by the Laboratory Directed
Research and Development program at Sandia National Labora-
tories.
Sandia National Laboratories is a multi-program laboratory
managed and operated by Sandia Corporation, a wholly owned
subsidiary of Lockheed Martin Corporation, for the U.S. Depart-
ment of Energy’s National Nuclear Security Administration under
contract DE-AC04-94AL85000.
Jason P. Weick is supported by the Department of Neuro-
sciences at the University of NewMexico and a grant fromNINDS
RO3 RNS074281A and NIAAA P20-AA017068.
REFERENCES
Aimone, J. B., Deng, W., and Gage,
F. H. (2010). Adult neurogenesis:
integrating theories and separating
functions. Trends Cogn. Sci. 14, 325–
337. doi: 10.1016/j.tics.2010.04.003
Aimone, J. B., Deng, W., and Gage, F.
H. (2011). Resolving new memo-
ries: a critical look at the dentate
gyrus, adult neurogenesis, and pat-
tern separation. Neuron 70, 589–
596. doi: 10.1016/j.neuron.2011.05.
010
Aimone, J. B., and Gage, F. H. (2011).
Modeling new neuron function:
a history of using computational
neuroscience to study adult neu-
rogenesis. Eur. J. Neurosci. 33,
1160–1169. doi: 10.1111/j.1460-
9568.2011.07615.x
Aimone, J. B., Wiles, J., and Gage,
F. H. (2009). Computational influ-
ence of adult neurogenesis on mem-
ory encoding. Neuron 61, 187–202.
doi: 10.1016/j.neuron.2008.11.026
Armentrout, S. L., Reggia, J. A., and
Weinrich, M. (1994). A neural
model of cortical map reorganiza-
tion following a focal lesion. Artif.
Intell. Med. 6, 383–400. doi: 10.
1016/0933-3657(94)90003-5
Bang, O. Y., Lee, J. S., Lee, P. H.,
and Lee, G. (2005). Autologous
mesenchymal stem cell transplanta-
tion in stroke patients. Ann. Neu-
rol. 57, 874–882. doi: 10.1002/ana.
20501
Benninger, F., Beck, H., Wernig, M.,
Tucker, K. L., Brüstle, O., and
Scheffler, B. (2003). Functional inte-
gration of embryonic stem cell-
derived neurons in hippocampal
slice cultures. J. Neurosci. 23, 7075–
7083.
Frontiers in Computational Neuroscience www.frontiersin.org November 2013 | Volume 7 | Article 150 | 5
Aimone and Weick Modeling new neurons in damaged circuits
Bjorklund, A., and Lindvall, O. (2000).
Cell replacement therapies for
central nervous system disorders.
Nat. Neurosci. 3, 537–544. doi: 10.
1038/75705
Bliss, T. M., Andres, R. H., and Stein-
berg, G. K. (2010). Optimizing the
success of cell transplantation ther-
apy for stroke. Neurobiol. Dis. 37,
275–283. doi: 10.1016/j.nbd.2010.
03.001
Bliss, T., Guzman, R., Daadi, M., and
Steinberg, G. K. (2007). Cell trans-
plantation therapy for stroke. Stroke
38, 817–826. doi: 10.1161/01.str.
0000247888.25985.62
Boyden, E. S., Zhang, F., Bamberg,
E., Nagel, G., and Deisseroth, K.
(2005). Millisecond-timescale,
genetically targeted optical control
of neural activity. Nat. Neurosci. 8,
1263–1268. doi: 10.1038/nn1525
Brown, C. E., Aminoltejari, K., Erb, H.,
Winship, I. R., and Murphy, T. H.
(2009). In vivo voltage-sensitive dye
imaging in adult mice reveals that
somatosensory maps lost to stroke
are replaced over weeks by new
structural and functional circuits
with prolonged modes of activation
within both the peri-infarct zone
and distant sites. J. Neurosci. 29,
1719–1734. doi: 10.1523/jneurosci.
4249-08.2009
Brown, C. E., and Murphy, T. H.
(2008). Livin’ on the edge: imag-
ing dendritic spine turnover
in the peri-infarct zone during
ischemic stroke and recovery. Neu-
roscientist 14, 139–146. doi: 10.
1177/1073858407309854
Butz, M., Teuchert-Noodt, G., Grafen,
K., and van Ooyen, A. (2008).
Inverse relationship between adult
hippocampal cell proliferation and
synaptic rewiring in the dentate
gyrus. Hippocampus 18, 879–898.
doi: 10.1002/hipo.20445
Butz, M., van Ooyen, A., and Worgot-
ter, F. (2009). A model for corti-
cal rewiring following deafferenta-
tion and focal stroke. Front. Comput.
Neurosci. 3:10. doi: 10.3389/neuro.
10.010.2009
Contreras, D. (2004). Electrophysiolog-
ical classes of neocortical neurons.
Neural Netw. 17, 633–646. doi: 10.
1016/j.neunet.2004.04.003
Daadi, M. M., Maag, A. L., and Stein-
berg, G. K. (2008). Adherent self-
renewable human embryonic stem
cell-derived neural stem cell line:
functional engraftment in exper-
imental stroke model. PLoS One
3:e1644. doi: 10.1371/journal.pone.
0001644
Dihne, M., Hartung, H. P., and Seitz, R.
J. (2011). Restoring neuronal func-
tion after stroke by cell replacement:
anatomic and functional considera-
tions. Stroke 42, 2342–2350. doi: 10.
1161/strokeaha.111.613422
Duch, W. (2007). Computational mod-
els of dementia and neurological
problems. Methods Mol. Biol. 401,
305–336. doi: 10.1007/978-1-59745-
520-6_17
Dunnett, S. B., Bjorklund, A., and
Lindvall, O. (2001). Cell therapy in
Parkinson’s disease - stop or go?Nat.
Rev. Neurosci. 2, 365–369. doi: 10.
1038/35072572
Ge, S., Yang, C. H., Hsu, K. S., Ming,
G. L., and Song, H. (2007). A critical
period for enhanced synaptic plas-
ticity in newly generated neurons of
the adult brain.Neuron 54, 559–566.
doi: 10.1016/j.neuron.2007.05.002
Gomi, M., Takagi, Y., Morizane, A.,
Doi, D., Nishimura, M., Miyamoto,
S., et al. (2012). Functional recovery
of the murine brain ischemia model
using human induced pluripotent
stem cell-derived telencephalic pro-
genitors. Brain Res. 1459, 52–60. doi:
10.1016/j.brainres.2012.03.049
Goodall, S., Reggia, J. A., Chen, Y., Rup-
pin, E., and Whitney, C. (1997). A
computational model of acute focal
cortical lesions. Stroke 28, 101–109.
doi: 10.1161/01.str.28.1.101
Gu, Y., Arruda-Carvalho, M., Wang,
J., Janoschka, S. R., Josselyn, S.
A., Frankland, P. W., et al. (2012).
Optical controlling reveals time-
dependent roles for adult-born den-
tate granule cells. Nat. Neurosci. 15,
1700–1706. doi: 10.1038/nn.3260
Gupta, A., Wang, Y., and Markram,
H. (2000). Organizing principles for
a diversity of GABAergic interneu-
rons and synapses in the neocor-
tex. Science 287, 273–278. doi: 10.
1126/science.287.5451.273
Horie, N., Pereira, M. P., Niizuma,
K., Sun, G., Keren-Gill, H., Encar-
nacion, A., et al. (2011). Trans-
planted stem cell-secreted VEGF
effects post-stroke recovery, inflam-
mation, and vascular repair. Stem
Cells doi: 10.1002/stem.584. [Epub
ahead of print].
Ishibashi, S., Sakaguchi, M., Kuroiwa,
T., Yamasaki, M., Kanemura, Y.,
Shizuko, I., et al. (2004). Human
neural stem/progenitor cells,
expanded in long-term neuro-
sphere culture, promote functional
recovery after focal ischemia in
Mongolian gerbils. J. Neurosci. Res.
78, 215–223. doi: 10.1002/jnr.20246
Jahnsen, H., and Llinas, R. (1984).
Voltage-dependent burst-to-tonic
switching of thalamic cell activity:
an in vitro study. Arch. Ital. Biol.
122, 73–82.
Johnson, M. A., Weick, J. P., Pearce, R.
A., and Zhang, S. C. (2007). Func-
tional neural development from
human embryonic stem cells: accel-
erated synaptic activity via astro-
cyte coculture. J. Neurosci. 27, 3069–
3077. doi: 10.1523/jneurosci.4562-
06.2007
Kalra, L. (2010). Stroke rehabilita-
tion 2009: old chestnuts and new
insights. Stroke 41, e88–e90. doi: 10.
1161/strokeaha.109.572297
Koch, P., Kokaia, Z., Lindvall, O., and
Brustle, O. (2009). Emerging con-
cepts in neural stem cell research:
autologous repair and cell-based
disease modelling. Lancet Neurol.
8, 819–829. doi: 10.1016/s1474-
4422(09)70202-9
Koch, C., and Segev, I. (2000). The role
of single neurons in information
processing. Nat. Neurosci. 3 Suppl,
1171–1177. doi: 10.1038/81444
Kondziolka, D., Steinberg, G. K., Wech-
sler, L., Meltzer, C. C., Elder, E.,
Gebel, J., et al. (2005). Neurotrans-
plantation for patients with subcor-
tical motor stroke: a phase 2 ran-
domized trial. J. Neurosurg. 103,
38–45. doi: 10.3171/jns.2005.103.1.
0038
Kondziolka, D., Wechsler, L., Goldstein,
S., Meltzer, C., Thulborn, K. R.,
Gebel, J., et al. (2000). Transplan-
tation of cultured human neuronal
cells for patients with stroke.Neurol-
ogy 55, 565–569. doi: 10.1212/WNL.
55.4.565
Lee, S. T., Chu, K., Jung, K. H.,
Kim, S. J., Kim, D. H., Kang, K.
M., et al. (2008). Anti-inflammatory
mechanism of intravascular neural
stem cell transplantation in haem-
orrhagic stroke. Brain 131, 616–629.
doi: 10.1093/brain/awm306
Lehmann, K., Butz, M., and Teuchert-
Noodt, G. (2005). Offer and
demand: proliferation and survival
of neurons in the dentate gyrus. Eur.
J. Neurosci. 21, 3205–3216. doi: 10.
1111/j.1460-9568.2005.04156.x
Lindvall, O., Barker, R. A., Brustle, O.,
Isacson, O., and Svendsen, C. N.
(2012). Clinical translation of stem
cells in neurodegenerative disorders.
Cell Stem Cell 10, 151–155. doi: 10.
1016/j.stem.2012.01.009
Llinas, R., and Jahnsen, H. (1982).
Electrophysiology of mam-
malian thalamic neurones in
vitro. Nature 297, 406–408. doi: 10.
1038/297406a0
Lytton, W. W., Williams, S. T., and
Sober, S. J. (1999). Unmasking
unmasked: neural dynamics fol-
lowing stroke. Prog. Brain Res.
121, 203–218. doi: 10.1016/s0079-
6123(08)63075-7
Mazza, M., de Pinho, M., Piqueira,
J. R., and Roque, A. C. (2004).
A dynamical model of fast cortical
reorganization. J. Comput. Neurosci.
16, 177–201. doi: 10.1023/B:JCNS.
0000014109.83574.78
Mohr, J. P., Mast, H., Thompson, J.
L., and Sacco, R. L. (1998). Are
more complex study designs needed
for future acute stroke trials? Cere-
brovasc. Dis. 8(Suppl. 1), 17–22.
doi: 10.1159/000047499
Muotri, A. R., Nakashima, K., Toni,
N., Sandler, V. M., and Gage, F. H.
(2005). Development of functional
human embryonic stem cell-derived
neurons in mouse brain. Proc. Natl.
Acad. Sci. U S A 102, 18644–18648.
doi: 10.1073/pnas.0509315102
Ng, P. W. (2007). The stroke epidemic.
Hong Kong Med. J. 13, 92–94.
Nudo, R. J. (1997). Remodeling of
cortical motor representations after
stroke: implications for recovery
from brain damage. Mol. Psychia-
try 2, 188–191. doi: 10.1038/sj.mp.
4000188
Ohtaki, H., Ylostalo, J. H., Foraker,
J. E., Robinson, A. P., Reger,
R. L., Shioda, S., et al. (2008).
Stem/progenitor cells from bone
marrow decrease neuronal death in
global ischemia by modulation of
inflammatory/immune responses.
Proc. Natl. Acad. Sci. U S A 105,
14638–14643. doi: 10.1073/pnas.
0803670105
Oki, K., Tatarishvili, J., Wood, J., Koch,
P., Wattananit, S., Mine, Y., et al.
(2012). Human-induced pluripo-
tent stem cells form functional neu-
rons and improve recovery after
grafting in stroke-damaged brain.
Stem Cells 30, 1120–1133. doi: 10.
1002/stem.1104
O’Reilly, R. C., and McClelland, J.
L. (1994). Hippocampal conjunctive
encoding, storage, and recall: avoid-
ing a trade-off.Hippocampus 4, 661–
682. doi: 10.1002/hipo.450040605
Pearson, J. C., Finkel, L. H., and Edel-
man, G. M. (1987). Plasticity in the
organization of adult cerebral cor-
tical maps: a computer simulation
based on neuronal group selection.
J. Neurosci. 7, 4209–4223.
Petilla Interneuron Nomenclature
Group, Ascoli, G. A., Alonso-
Nanclares, L., Anderson, S. A., Bar-
rionuevo, G., Benavides-Piccione,
R., Burkhalter, A., et al. (2008).
Petilla terminology: nomenclature
of features of GABAergic interneu-
rons of the cerebral cortex. Nat.
Rev. Neurosci. 9, 557–568. doi: 10.
1038/nrn2402
Pina-Crespo, J. C., Talantova, M., Cho,
E. G., Soussou, W., Dolatabadi, N.,
Frontiers in Computational Neuroscience www.frontiersin.org November 2013 | Volume 7 | Article 150 | 6
Aimone and Weick Modeling new neurons in damaged circuits
Ryan, S. D., et al. (2012). High-
frequency hippocampal oscillations
activated by optogenetic stimulation
of transplanted human ESC-derived
neurons. J. Neurosci. 32, 15837–
15842. doi: 10.1523/jneurosci.3735-
12.2012
Pissadaki, E. K., Sidiropoulou, K.,
Reczko, M., and Poirazi, P. (2010).
Encoding of spatio-temporal input
characteristics by a CA1 pyramidal
neuron model. PLoS Comput. Biol.
6:e1001038. doi: 10.1371/journal.
pcbi.1001038
Polentes, J., Jendelova, P., Cailleret,
M., Braun, H., Romanyuk, N.,
Tropel, P., et al. (2012). Human
induced pluripotent stem cells
improve stroke outcome and
reduce secondary degeneration
in the recipient brain. Cell Trans-
plant. 21, 2587–2602. doi: 10.
3727/096368912x653228
Reggia, J. A., Ruppin, E., and Berndt, R.
S. (1996). Neural Modeling of Brain
and Cognitive Disorders. Singapore;
River Edge, NJ: World Scientific.
Reinkensmeyer, D. J., Guigon, E., and
Maier, M. A. (2012). A computa-
tional model of use-dependent
motor recovery following a stroke:
optimizing corticospinal activa-
tions via reinforcement learning can
explain residual capacity and other
strength recovery dynamics. Neural
Netw. 29–30, 60–69. doi: 10.1016/j.
neunet.2012.02.002
Rohrer, B., Fasoli, S., Krebs, H. I.,
Hughes, R., Volpe, B., Frontera, W.
R., et al. (2002). Movement smooth-
ness changes during stroke recovery.
J. Neurosci. 22, 8297–8304.
Schneider-Mizell, C. M., Parent, J. M.,
Ben-Jacob, E., Zochowski, M. R.,
and Sander, L. M. (2010). From net-
work structure to network reorgani-
zation: implications for adult neuro-
genesis. Phys. Biol. 7:046008. doi: 10.
1088/1478-3975/7/4/046008
Sigler, A., Mohajerani, M. H., andMur-
phy, T. H. (2009). Imaging rapid
redistribution of sensory-evoked
depolarization through existing
cortical pathways after targeted
stroke in mice. Proc. Natl. Acad. Sci.
U S A 106, 11759–11764. doi: 10.
1073/pnas.0812695106
Sober, S. J., Stark, J. M., Yamasaki, D. S.,
and Lytton, W. W. (1997). Receptive
field changes after strokelike corti-
cal ablation: a role for activation
dynamics. J. Neurophysiol. 78, 3438–
3443.
Stroemer, R. P., Kent, T. A., and
Hulsebosch, C. E. (1995). Neocor-
tical neural sprouting, synaptogen-
esis, and behavioral recovery after
neocortical infarction in rats. Stroke
26, 2135–2144. doi: 10.1161/01.str.
26.11.2135
Toni, N., Laplagne, D. A., Zhao, C.,
Lombardi, G., Ribak, C. E., Gage,
F. H., et al. (2008). Neurons born
in the adult dentate gyrus form
functional synapses with target cells.
Nat. Neurosci. 11, 901–907. doi: 10.
1038/nn.2156
Toni, N., Teng, E. M., Bushong, E. A.,
Aimone, J. B., Zhao, C., Consiglio,
A., et al. (2007). Synapse formation
on neurons born in the adult hip-
pocampus. Nat. Neurosci. 10, 727–
734. doi: 10.1038/nn1908
Weick, J. P., Johnson, M. A., Skroch,
S. P., Williams, J. C., Deisseroth, K.,
and Zhang, S. C. (2010). Functional
control of transplantable human
ESC-derived neurons via optoge-
netic targeting. Stem Cells 28, 2008–
2016. doi: 10.1002/stem.514
Weick, J. P., Liu, Y., and Zhang, S.
C. (2011). Human embryonic stem
cell-derived neurons adopt and reg-
ulate the activity of an established
neural network. Proc. Natl. Acad.
Sci. U S A 108, 20189–20194. doi: 10.
1073/pnas.1108487108
Wernig, M., Benninger, F., Schmandt,
T., Rade, M., Tucker, K. L., Bussow,
H., et al. (2004). Functional integra-
tion of embryonic stem cell-derived
neurons in vivo. J. Neurosci. 24,
5258–5268. doi: 10.1523/jneurosci.
0428-04.200
Wiecki, T. V., and Frank, M. J. (2010).
Neurocomputational models of
motor and cognitive deficits in
Parkinson’s disease. Prog. Brain Res.
183, 275–297. doi: 10.1016/s0079-
6123(10)83014-6
Willshaw, D. J., and von der Mals-
burg, C. (1976). How patterned
neural connections can be set
up by self-organization. Proc.
R. Soc. Lond. B Biol. Sci. 194,
431–445. doi: 10.1098/rspb.1976.
0087
Wu, H., Xu, J., Pang, Z. P., Ge, W.,
Kim, K. J., Blanchi, B., et al. (2007).
Integrative genomic and func-
tional analyses reveal neuronal
subtype differentiation bias in
human embryonic stem cell lines.
Proc. Natl. Acad. Sci. U S A 104,
13821–13826. doi: 10.1073/pnas.
0706199104
Xing, J., and Gerstein, G. L. (1996).
Networks with lateral connectivity.
I. dynamic properties mediated by
the balance of intrinsic excitation
and inhibition. J. Neurophysiol. 75,
184–199.
Zhao, C., Deng, W., and Gage, F. H.
(2008). Mechanisms and functional
implications of adult neurogenesis.
Cell 132, 645–660. doi: 10.1016/j.
cell.2008.01.033
Zhao, C., Teng, E. M., Summers, R.
G., Jr., Ming, G. L., and Gage,
F. H. (2006). Distinct morpholog-
ical stages of dentate granule neu-
ron maturation in the adult mouse
hippocampus. J. Neurosci. 26, 3–
11. doi: 10.1523/jneurosci.3648-05.
2006
Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential con-
flict of interest.
Received: 02 April 2013; accepted: 10
October 2013; published online: 06
November 2013.
Citation:Aimone JB andWeick JP (2013)
Perspectives for computational modeling
of cell replacement for neurological dis-
orders. Front. Comput. Neurosci. 7:150.
doi: 10.3389/fncom.2013.00150
This article was submitted to the jour-
nal Frontiers in Computational Neuro-
science.
Copyright © 2013 Aimone and Weick.
This is an open-access article distributed
under the terms of the Creative Com-
mons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the origi-
nal author(s) or licensor are credited and
that the original publication in this jour-
nal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.
Frontiers in Computational Neuroscience www.frontiersin.org November 2013 | Volume 7 | Article 150 | 7
